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Tethered bilayer lipid membranes (tBLMs) are robust and flexible model platforms for the investigation of various membrane related
processes. They are especially suited to study the incorporation and function of ion channel proteins, where a high background resistance of the
membrane is essential. Synthetic M2 peptides, analogues of the transmembrane fragment of the acetylcholine receptor, could be incorporated into
two different membrane architectures. The functional reconstitution and the formation of a conducting pore are shown by electrochemical
impedance spectroscopy (EIS). The pore is selective for small monovalent cations, while bulky ions cannot pass. This is a significant step towards
a novel biosensing approach. We envision a device, where a stable and insulating membrane would be attached to an electronic read-out unit and
embedded proteins would serve as actual sensing units.
© 2007 Elsevier B.V. All rights reserved.1. Introduction
M2 is the major polypeptide component of those membrane
pores, which are responsible for the transport activities of
ligand-gated ion-channels. The nicotinic acetylcholine receptor
(nAChR) has been one of the most extensively studied members
of this superfamily of channels [1]. In the last few years, details
about the channel structure and its mechanism have been
published. Opella et al. proposed that a pentameric helical
bundle of M2 units is the structural blueprint for the inner
bundle that lines the pores of neurotransmitter-gated channels
such as acetylcholine and glutamate receptors [2].
The nAChR is a ligand-gated pore composed of a pentameric
assembly of subunits. Each subunit consists of four membrane-
spanning segments termed M1–M4. The M2 segments face the
interior of the channel and thus shape the lumen of the aqueous
pore [3]. The M2 peptide forms a straight α-helix which inserts⁎ Corresponding author. Max Planck Institute for Polymer Research,
Ackermannweg 10, 55128 Mainz, Germany. Tel.: +49 6131 379269; fax: +49
6131 370100.
E-mail address: Vockenroth@mpip-mainz.mpg.de (I.K. Vockenroth).
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doi:10.1016/j.bbamem.2007.02.006into the bilayer at an angle of 12 °. The polar residues are found
to line the inner side of the pore, whereas the nonpolar residues
form the exterior of the bundle [4]. Sévin-Landais et al. fused
vesicles containing nAChR-rich membrane fragments from
Torpedo californica with a tethered monolayer [5]. They
demonstrated binding of ligands (carbamoylcholine and
biotinylated α-bungarotoxin) to the channel using optical
techniques and they indicated the structural integrity of the
receptor using monoclonal antibodies [5]. However, no
electrical characterization of the membrane or of channel
activities was shown.
Natural receptors are highly sensitive and selective recogni-
tion elements and therefore represent perfect sensing moieties
for eventual practical applications [6]. There have been attempts
to use for example whole cells attached to field effect transistors
[7] or membrane fragments on micromachined substrates [8] in
order to combine membrane proteins with electrical read-out
platforms. Nevertheless, a simple and robust model membrane
system would present an easier and more feasible approach.
Such a system should combine the stability and high electro-
chemical sealing properties of natural membranes with a read-
out system in order to translate a biological event, e.g. binding of
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architectures have been proposed. In bilayer lipid membranes
(BLM), a bilayer is spanned over an aperture, whereas in solid
supported bilayer lipid membranes (sBLM) a bilayer is spread
on a substrate. The major drawback in BLMs is their lack of
stability [9], while proteins in sBLMs are subject to denaturation
upon contact with the substrate [10]. The recently proposed
nano-BLMs offer an interesting alternative [11]. Here, the
stability of a BLM is increased by using nanoporous substrates.
Our approach to overcome the limitations of BLMs and
sBLMs consists in a model system that has been first proposed a
few years ago: the tethered bilayer lipid membrane (tBLM) [12].
tBLMs are modified solid supported bilayers that provide a
stable and insulating membrane platform. As schematically
shown in Fig. 1, their central element is a lipid bilayer, whose
proximal leaflet is, at least to some extent, covalently attached to
a solid support via a spacer unit [13]. In the present examples,
the proximal bilayer leaflet will be composed of a densely
grafted layer of anchorlipids. If one intends to reduce the inner
packing density, dilution with small back-filling molecules is
possible [14,15]. In most cases, the support can be used as an
electrode to allow for electrical characterization of the system.
The spacer lifts the bilayer off the substrate, thus creating an ion
reservoir underneath the membrane and generating space to
accommodate large proteins [16]. The distal layer is mostlyFig. 1. Schematic representation of a functional channel consisting of five M2
peptides incorporated into a tethered bilayer lipid membrane on a gold electrode.
The bilayer consists of an inner leaflet, which is to some extent covalently
attached to the gold support, and an outer leaflet of free lipids. In our system the
proximal layer consists of 100% tethered anchor lipids.formed by fusion of the pre-assembled monolayer with small
unilamellar vesicles. Membrane proteins can be incorporated
into the existing bilayer if they have a high affinity for the
hydrophobic environment inside the lipid bilayer. Alternatively,
the proteins can be incorporated into vesicles to form
proteoliposomes that can fuse directly with the monolayer. For
the study of ion transport processes due to the function of
incorporated membrane proteins, a high background resistance
of the membrane itself is essential. In this respect, we
successfully introduced in the last years a model membrane
system by using phytanyl based anchor lipids [17–19].
Tethering these archaea analogues to an electrode leads to
extremely stable membranes offering new perspectives for
biosensor architectures. We have developed a whole family of
membrane forming anchor lipids [20], which allow for a
modular membrane construction, eventually adapted for a
specific protein. Typical electrical parameters are resistances
in the range of 10–50 MΩcm2 and capacities of about 0.5–
0.8 μFcm−2 as measured in over 100 experiments [17,18,21,22].
Large proteins often require special conditions to enable their
functionality, e.g. a certain flexibility of the membrane or an
extended reservoir on both sides of the bilayer [1,23,24]. Thus,
the linkage of the bilayer, the length of the spacer and the grafting
density of the anchor lipids to the support are important
parameters in the membrane assembly. Less densely packed
membranes should facilitate the incorporation of proteins due to
an increased mobility. Increasing the spacer length should lead to
an extended reservoir beneath the membrane, enabling the
incorporation of bigger proteins. Finally, the anchor group can
also influence the membrane structure. Molecules anchored via
one or two bonds probably form different structures at the
surfaces. At the same time, these modifications can lead to a loss
in resistance due to a lower level of organization in the membrane
and a higher defect density. By adequate adjustment of the
molecular assembly (the spacer length and the anchor group) we
could achieve a membrane model optimized for a given protein.
The tBLMs used in this study are based on two different
thiolipids with slightly different spacer- and anchor groups.
Their chemical formulae are depicted in Fig. 2. DPTL has a
tetraethylene oxide spacer and a lipoic acid anchor [17], while
DPHT possesses a hexaethylene oxide spacer and is anchored
via a single thiol-group. The membranes based on the two
different anchorlipids provide excellent electrical properties,
and we were able to demonstrate the functional incorporation of
synthetic M2 peptides. The passage of and the selectivity for
small monovalent ions could be investigated by electrochemical
impedance spectroscopy (EIS). Furthermore, the longer spacer
of DPHT seemed to favor the incorporation and function of the
M2 peptides. These findings can give valuable information for
the optimized construction of a membrane architecture specially
designed for the ideal performance of a specific membrane
protein.2. Materials and methods
DPTL was synthesized as described earlier [17]. DPHT was synthesized
according to a procedure described by Atanasov et al. [20].
Fig. 2. Lipids used for bilayer formation. The thiolipids DPHT and DPTL, which were used for the inner leaflet differ in anchor group (thiol and lipoic acid moiety,
respectively) and spacer length (6 and 4 ethylene oxide units, respectively). The names for DPTL and DPHT are non-IUPAC. DPhyPC was used as free lipid for the
outer leaflet.
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from Avanti Polar Lipids, NaCl and KCl are of ACS purity, while (CH3)4NCl
(TMAC) is 98+% pure; all solutions are 0.1 M inMilliQ water (>18.2 MΩ cm2),
the buffer used for the M2 vesicles consists of 0.1 M NaCl with 0.01 MMops at
pH 7. All salts were purchased from Acros organics.
The monomeric peptide M2δ (sequence: EKMSTAISVLLAQAVF-
LLLTSQR), based on the second transmembrane helix of the delta subunit of
AChR from T. californica, was synthesized via fmoc SPPS on an Applied
Biosystems peptide synthesizer utilizing wang resin with the carboxy terminal
amino acid attached (Novabiochem). After solid-phase synthesis, the peptide
was deprotected and cleaved using 95% trifluoroacetic acid/2.5% triisopropyl-
silane/2.5% water, filtered, and the solvent removed under vacuum. The peptide
was purified to >97% purity via HPLC and purity was verified via mass
spectrometry.
2.1. Assembly of the system
Lipid monolayers were formed via self-assembly of the anchorlipids on
ultraflat gold substrates [17]. Both lipids, DPTL and DPHT, consist of a
diphytanyl chain that is coupled via a glycerol linker to an oligoethylene oxide
spacer. The two lipids have different spacer length and anchor groups as shown
in Fig. 2. DPTL has a spacer consisting of 4 ethylene oxide units (tetra), whereas
DPHT has 6 ethylene oxide units (hexa). The molecules were grafted to the gold
surface by covalent bonds. The anchor chemistry is based on sulphur–gold
bonds via lipoic acid for DPTL and via a thiol for DPHT. The monolayers were
completed to bilayers by fusion with small unilamellar DPhyPC vesicles
containing M2 peptides. Incorporation of the peptides into the liposomes was
achieved by co-lyophilization of the lipids and the peptides prior to extrusion.
The peptide and the lipid are dissolved in methanol and chloroform respectivelyand mixed in a molar ratio of 1:500. The solution is dried and then freeze-dried
in cyclohexane. After four steps of lyophilization in MOPS buffer, the peptide/
lipid mixture is dissolved in MOPS buffer (2 mg peptide–lipid mixture/mL).
The solution is stored at −20 °C and vesicles are freshly extruded through a
50 nm membrane prior to every experiment. 25 μl of the vesicle solution were
added to give a final M2 concentration of 3.2 nm in the measurement cell. The
membrane-assembly could be monitored by SPR and EIS.
2.2. Surface plasmon resonance spectroscopy (SPR)
A lab-built setup in Kretschmann configuration with a 632 nm He/Ne laser
was used. In kinetic mode, reflectivity changes occurring at a fixed angle are
monitored as a function of time. SPR spectra (not shown) were analyzed using a
three layer model including the prism, gold, and the thiolipid monolayer. After
vesicle fusion a fourth layer corresponding to the outer leaflet of the bilayer was
added to the model. The refractive indices of n=1.5 and n=1.45 for the mono-
and bilayer, respectively were used [17].
2.3. Electrochemical impedance spectroscopy (EIS)
Measurements were conducted using an Autolab spectrometer from
Deutsche Metrohm. Spectra were recorded for frequencies between 2 mHz
and 100 kHz at 0 V bias potential with an AC modulation amplitude of 10 mV.
Raw data were analyzed using the ZVIEW software package (Version 2.70,
Scribner Associates). Three-electrode measurements were performed with the
substrate as the working electrode, a coiled platinum wire as the counter
electrode and a DRIREF-2 reference electrode (World Precision Instruments,
Berlin, Germany). All following potentials are referred to this AgCl electrode,
which has a potential of 0.2881 with reference to the NHE. The home-built
Fig. 4. Electrochemical impedance data of a DPTL bilayer with functionally
incorporated M2 ion channels in different electrolyte solutions (c=0.1 M) at 0 V
potential (vs. the AgCl reference); closed symbols show the impedance, open
symbols the phase shift; fits are shown as solid lines (only for the impedance).
An increase in membrane resistance by a factor of 5 upon exchange of the KCl
solution to TMAC can be seen. After reexchange to KCl the former value is
reached again showing the reversibility of the blocking effect.
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the substrates of about 0.28 cm2.
By measuring the impedance of the system at different frequencies, the
resistances and capacitances of the tethered bilayer/electrolyte assembly can be
determined using a model equivalent circuit of resistors (R) and capacitors (C)
[25]. In this work, we used a R(RC)C-circuit consisting of a RC element
describing the bilayer in series with a capacitor (CSC) and an electrolyte
resistance (Relectrolyte), as can be seen in the inset in Fig. 5. The capacitor
represents the charge separation due to the spacer region combined with the
effects of the electrochemical double layer at the gold interface [18,20]. The
measured impedances can be displayed in Bode plots (c. f. Fig. 4 and Fig. 5),
where pure capacitances show up as slopes of −1 with high phase shifts of −90°
and ideal resistances are represented as horizontal regions of low phase angles
[25].
3. Results and discussion
The vesicle fusion process was monitored via EIS where a
decrease in the capacitance of the bilayer and an increase in
resistance could be observed (not shown). These effects are due
to the formation of a tightly sealing membrane that hinders the
leakage of ions through the membrane, thus enabling the
electrical measurement of ion fluxes through embedded pores.
The kinetics of the fusion, i.e. the increase of the membrane
thickness can also be monitored optically using SPR. In Fig. 3,
the increase of the membrane thickness due to the formation of
the outer leaflet of the bilayer is depicted as a function of time.
The curve increases with time, first rapidly over about 20 min,
then slower and reaches a plateau after about 100 min. Angular
scans (not shown) before and after the vesicle fusion have been
taken and analyzed using a multilayer system. Assuming a
refractive index of n=1.5 for the DPhyPC [18], the increase in
reflectivity can be translated into a thickness increase. The so-
obtained thickness of about 3.4±0.2 nm is in very good
agreement with the length of the utilized lipid DPhyPC, which is
about 3.5 nm, as estimated by modelling a fully stretched
molecule. Interestingly, the electrical properties of the bilayer
changed over about 12 h, indicating that even after the bilayer
has reached its final thickness, internal re-arrangements of theFig. 3. Surface plasmon resonance spectrum illustrating the formation of the
outer leaflet of the bilayer on top of a DPTL monolayer. After 10 min the
proteoliposomes were added and the thickness increased to a final value of
3.4 nm after 100 min.lipids might take place. After completion of the vesicle fusion
(typically over night) the bilayer was rinsed with KCl (0.1 M),
and an EIS spectrum was recorded in this solution. The cell was
then rinsed with 5 ml of 0.1 M tetramethylammoniumchloride
(TMAC) and three potential scans from +300 mV to −300 mV
were applied, to force leakage of the membrane. Under a
negative potential the resistance of the membrane decreases and
a significant leakage of ions through the membrane is possible.
Therefore, this procedure was used to maximize the removal of
the remaining K+ ions in the submembrane reservoir, which
would influence the resistance of the bilayer. After the potential
scans, the cell was again rinsed with 5 ml TMAC, and an EIS
spectrum was recorded in TMAC.
The experimental data are depicted as Bode plots in Figs. 4
and 5 for DPTL and DPHT architectures, respectively. The
impedance and the phase angle are shown as a function of the
applied frequency. Data can be fitted using the model circuit
shown in the inset in Fig. 5. The obtained values, normalized to
the surface area, are listed in Table 1. Typical pure DPTL and
DPHT membranes have resistances higher than 10 MΩcm2
[17,18,20,26]. However, the first scan taken in KCl resulted in a
resistance of only 3 MΩcm2. This relatively low value is due to
the incorporation of functional M2 peptides that permit the
passage of ions through the membrane, thus reducing its
resistance.
The M2 peptides do not insert spontaneously from bulk
solution into the bilayer, as it is common for other peptides such
as valinomycin, which has a high affinity to membranes [27].
Therefore, the incorporation was achieved by fusion of pre-
loaded vesicles. We thus cannot determine the background
resistance of the bilayer itself before insertion of the ion
channel. The obtained values correspond to contributions from
the channel and the bilayer. To prove the functionality of the
channel a different approach has to be used. As M2 forms a
rather small channel and only small monovalent cations such as
Fig. 6. Control experiment showing the impedance spectra of a bilayer without
incorporated proteins in KCl and TMAC, respectively. Resistance in KCl
35.3 MΩcm2, resistance in TMAC 35.6 MΩcm2 (all 0.1 M), capacitance
0.77 μFcm−2. Without incorporated M2 the change of the electrolyte solution
does neither change the resistance nor the capacitance of the bilayer.
Fig. 5. Electrochemical impedance data of a DPHT bilayer with functionally
incorporated M2 ion channels in different electrolyte solutions (c=0.1 M) at 0 V
potential (vs. the AgCl reference); closed symbols show the impedance, open
symbols the phase shift; fits are shown as solid lines (only for the impedance).
An increase in membrane resistance by a factor of 10 upon exchange of the KCl
solution to TMAC can be seen. After reexchange to KCl the former value is
reached again showing the reversibility of the blocking effect. The inset shows
the equivalent circuit (R(RC)C) used for modelling the data.
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solutions with larger cations, the transport properties of the
channel can be suppressed. If the channel is functional, the
observed resistance of the membrane should increase in
presence of the larger ions and decrease when the solvent is
again exchanged with smaller ions. This is not a blocking effect
in the normal sense of the word, since the bigger ions do not
bind to the channel and no change in the quaternary structure of
the pore occurs. Instead, the resistance is lowered in the
presence of ions small enough for permeation and increased if
the ions do not fit the pore size. To avoid effects of divalent
cations (e.g. Ca2+) on the bilayer, tetramethylammonium
(TMA+) was chosen as monovalent cation, because it is more
than twice as big as K+ (Pauling radii 2.8 Å for TMA+, 1.33 Å
for K+) [28].
In low resistance systems such as solid supported BLMs,
the change of the electrolyte often leads to a change in
resistance, due to the different ionic radii of the ions in
solution and therefore their capability of leakage through the
membrane. However, in high resistance systems such as the
tBLMs presented here, different ionic species of the same
ionic strength influence neither resistance nor capacitance of
the membrane. Control experiments on protein-free mem-
branes have shown that the electrical properties of the
membrane are independent of the type of electrolyte (hereTable 1
Resistances and capacitances of the bilayers shown in Fig. 4 and Fig. 5 calculated f
Bilayer in… DPTL
R/MΩcm2 C/μFcm−2 CSC/μFcm
KCl 3.1±0.1 0.78±0.01 4.8±0.1
TMAC 15±0.5 0.78±0.01 3.5±0.2
KCl 3.2±0.1 0.76±0.01 4.4±0.1
The exchange of the electrolyte with TMAC led to an increase in membrane resistamonovalent ions such as K+ and TMA+), as the spectra in
Fig. 6 clearly indicate. Different electrolytes only cause a
change of the electrolyte resistance, showing up as a
horizontal shift of the impedance in the high frequency
domain. This does not affect our results, as the resistance of
the bilayer shows up in the low frequency domain. Further
leakage through the membrane is small enough to be
neglected.
The experimental values for the resistance and capacitance of
the bilayers are listed in Table 1. One can see that a DPTL
bilayer has a resistance of 15 MΩcm2 in the presence of TMAC,
dropping to about 3.2 MΩcm2 in KCl. A DPHT bilayer shows
values of 35 MΩcm2 and 3.6 MΩcm2 respectively. The
exchange of the electrolyte solution with TMAC thus led to an
increase in the membrane resistance by a factor of 5 for DPTL
and of 10 for DPHT. This illustrates that the membrane forms a
tight barrier for the bulky TMA+ ions. Subsequent re-exchange
with KCl buffer led to a drop in resistance to the initial value,
demonstrating the reversibility of the pore blocking and
transport effect. At the same time, the capacitance describing
the interface/spacer region shows higher values in the presence
of K+ ions. This is due to the fact, that TMA+ ions cannot
penetrate the bilayer by means of the pore. Therefore a smaller
amount of charges is present in the submembrane space
showing up as a decreased CSC. Also here, the effect, i.e. the
difference between KCl and TMAC, is higher for DPHT than
for DPTL.rom fitted EIS data
DPHT
−2 R/MΩcm2 C/μFcm−2 CSC/μFcm
−2
3.7±0.1 0.73±0.01 7.1±0.2
35±1.1 0.76±0.01 3.5±0.2
3.6±0.1 0.72±0.01 6.5±0.2
nce by a factor of 5 for DPTL and 10 for DPHT.
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contrast to DPTL in otherwise identical experimental condi-
tions might be due to differences in the distinct structures of
the spacer and anchor group of DPTL and DPHT. DPTL is
anchored via two S–Au bonds of the lipoic acid moiety while
DPHT possesses only a single thiol group. As it has a lower
number of bonds with the substrate a DPHT based membrane
might be less densely packed. This would help to enable the
incorporation of M2 peptides in their functional pentameric
form. The existence of non-conducting mono-, di-, tri-, and
tetramers in the bilayer cannot be excluded. The peptides
might also disturb the membrane architecture, which could
lead to a decrease of the membrane resistance. However, this
has not been seen in previous BLM experiments, where
Oblatt-Montall showed that the M2 peptides form only
conducting pentamers. They could furthermore demonstrate
the different conductivity of the channel for different
monovalent cations [3].
Based on these findings, we conclude for our experiments,
that the amount of conducting pores must be higher in DPHT
than in DPTL, though the same amount of peptides was used
and a similar background resistance of the systems can be
assumed.
The longer spacer group of DPHT compared to DPTL might
result in an extended reservoir beneath the membrane. As a
result, not only the amount of M2 pores can be higher in DPHT,
but also the ion flux measured per pore and time can be larger,
due to a more spacious submembrane reservoir. This assump-
tion is in good agreement with the observed changes in the
spacer capacitance.
In addition, we found that the increase of resistance upon
exchange of the electrolyte (TMAC against KCl) is lower for
higher initial membrane resistances. The M2 channel consists of
five subunits that have to diffuse and assemble within the
membrane to form a pore. A very high packing density, which
translates into a high resistance, might hinder the diffusion and
thus the formation of conducting pentamers.
4. Conclusions
We were able to show the functional incorporation of
synthesized M2 peptides into tBLMs in a controlled and
reproducible manner. The membranes itself are of excellent
quality as judged from the high electrical sealing properties. The
selectivity for small monovalent cations could be shown by
exchange of these ions against bulky ions, which cannot traverse
the pore. We compared two tBLM architectures differing in the
anchorage and spacer part of the thiolipid. We found that a
thiolipid with just one anchoring group and a longer spacer
reconstitutes (allows to incorporate) a higher amount of
functional pores. Therefore the presented tBLMs provide a
suitable platform for the study of ion transport phenomena and
ligand interactions of channels such as the nAChR that plays an
important role in the electrical signalling between nerve and
muscle cells.
The findings in this study allow the optimization of a
membrane system for a specific protein, as the presentedmethod should be generally applicable to other membrane
proteins. Therefore a further step towards the use of modified
natural receptors as actual sensing unit in a biomimetic system
as biosensor device has been achieved.References
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